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Foreword 

The  electrostrictive  property  of  thin-film  strontium  titanate  (STO)  and  barium  strontium  titanate  (BST)  is 
manifest  as  a  voltage-induced  piezoelectricity  [l]-[4].  During  the  four  years  of  this  award  the  PI 
proposed  and  successfully  demonstrated  a  new  type  of  voltage-activated  bulk-acoustic-wave  (VBAW) 
resonator  to  exploit  this  effect  [5]-[7],  and  similar  work  has  now  been  reported  by  other  researchers  [8]- 
[13].  These  new  type  of  devices  could  form  the  building  block  for  a  new  class  of  high-performance 
reconfigurable  RF  filters.  This  report  will  outline  the  basic  concept  and  progress  achieved  during  the 
program  towards  the  goal  of  implementing  useful  reconfigurable  filter  structures. 

Key  Terms/ Abbreviations/Acronyms: 

BAW:  Bulk  Acoustic  Wave 

VBAW:  Voltage- Activate  Bulk  Acoustic  Wave  (technology  proposed  herein) 

ABR:  Acoustic  Bragg  Reflector.  A  high  reflectivity  “mirror”  for  acoustic  waves  formed  using 
alternating  layers  of  high  and  low  impedance  materials. 

SMR:  Solidly-Mounted  Resonator:  a  BAW  device  fabricated  on  an  ABR. 

FBAR:  Film  Bulk  Acoustic  Device:  A  BAW  device  suspended  on  a  thin  membrane. 

BST:  Barium  Strontium  Titanate 
STO:  Strontium  Titanate 
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Statement  of  the  Problem  Studied 


The  design  and  fabrication  of  a  new  class  of  voltage-activated  BAW  devices  using  thin-film  STO  and 
BST  materials  was  studied.  At  the  start  of  the  program  there  was  experimental  evidence  of  the  underlying 
electrostrictive  property,  but  no  devices  had  yet  been  demonstrated  to  isolate  the  mechanical  resonance 
from  the  damping  effects  of  the  substrate.  The  essence  of  the  program  was  therefore  to  solve  this 
problem  and  also  identify  and  minimize  other  sources  of  loss,  and  then  to  explore  ways  to  exploit  such 
devices  in  a  functional  integrated  filter  circuit. 


A  Brief  Introduction  to  Piezoelectric  BA  W  Resonators 

Piezoelectric  resonators  have  been  used  for  decades  to  realize  high-Q  filters  and  low-loss,  narrow-band 
frequency-selective  networks  [14,15].  There  are  two  main  types  of  piezoelectric  devices:  surface  acoustic 
wave  (SAW)  devices,  and  bulk-acoustic-wave  (BAW)  devices  [16].  We  focused  on  BAW  devices  as  this 
is  the  configuration  that  most  easily  exploits  the  voltage-controlled  piezoelectricity  of  strontium  titanate 
(STO)  and  Barium  Strontium  Titanate  (BST). 


BAW  Resonator 


Applied  electric  field  couples 
to  an  acoustic  standing  wave 
in  the  piezoelectric  material 


(a) 


Figure  1  -  (a)  Basic  BAW  resonator  structure,  (b)  Narrowband  electrical  model  for  the  device,  valid  in  the 
vicinity  of  the  resonance,  (c)  Impedance  behavior  at  or  near  the  fundamental  resonances. 


Figure  la  illustrates  the  basic  structure  of  a  BAW  resonator.  BAWs  are  designed  so  that  the  thickness  of 
the  piezoelectric  material  is  X  /  2  where  X  is  the  acoustic  wavelength  ( X  =  vs ,  /  / ,  and  vs  is  the  velocity 
of  sound  in  the  material).  When  a  time-varying  electric  field  is  applied  it  couples  to  an  acoustic  standing 
wave  by  virtue  of  the  piezoelectric  property  of  the  material.  When  the  frequency  of  the  electrical  signal 
coincides  with  an  acoustic  resonance  mode,  a  strong  coupling  of  energy  can  take  place  and  a  sharp 
resonance  is  observed  in  the  electrical  circuit,  modeled  by  the  Butterworth-Van  Dyke  circuit  in  Figure  lb 
[17].  Since  the  device  is  a  metal-dielectric-metal  sandwich  there  is  always  some  intrinsic  capacitance  C0 
which  leads  to  a  secondary  parallel  or  “anti”  resonance  above  the  series  resonance.  Thus  the  input 
impedance  of  such  resonators  has  the  behavior  shown  in  Figure  lc,  displaying  a  small  impedance  at  the 
series  resonance  and  a  large  impedance  at  the  parallel  resonance  /  .  All  BAW  filters  are  design  to 
exploit  one  or  both  of  these  resonances. 

There  are  two  key  empirical  figures  of  merit  for  BAW  devices:  1)  the  effective  electromechanical 
coupling  coefficient,  kt  ,  which  describes  the  strength  of  the  coupling  between  the  applied  electric  field 
and  the  acoustic  mode,  and  2)  the  quality-factor  or  Q-factor  of  the  resonator,  which  is  the  ratio  of  stored 
energy  to  average  power  dissipated.  Both  parameters  can  be  determined  experimentally  by  fitting  data  to 
a  BVD  model.  Alternatively,  kt  eg  can  be  related  to  the  measured  resonance  frequencies  as  [17] 


n  f, 
——cot 

2  fv 


fs 

( f  -f  ' 

J  p  J  s 

2T, 

\< 

l 

,  fp  , 

(1) 


3 


(2) 


and  the  Q-factor  at  each  resonance  can  be  related  to  the  slope  of  the  measured  impedance  phase  as 
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It  can  be  shown  [17]  that  the  BVD  model  parameters  are  then  given  by 
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where  fs  is  the  resonant  frequency  of  the  series  branch  (set  by  the  material  thickness),  and  aeff  is  an 
effective  attenuation  factor  that  can  be  related  to  the  device  Q-factor  (more  on  that  later).  Many 
commercial  BAW  devices  now  use  sputtered  aluminum  nitride  films  with  thin  aluminum  electrodes, 
featuring  a  kfejj  of  6.5%  and  Q-factors  of  >2000  [15]. 

For  the  resonator  to  function  properly  the  top  and  bottom  surfaces  must  be  highly  reflective  to  the 
acoustic  waves  resulting  in  a  “free”  resonator  with  the  highest  possible  Q-factor.  However,  every 
practical  resonator  has  a  support  structure  which  tends  to  damp  the  mechanical  resonance,  lowering  the 
Q-factors.  The  two  most  common  ways  of  isolating  the  device  from  its  support  structure  are  shown  in 
Figure  2.  The  first  (Figure  2a)  is  commonly  called  a  thin  film  bulk  acoustic  resonator  (FBAR)  topology, 
where  a  cavity  is  formed  underneath  the  resonator.  The  second  (Figure  2b)  is  called  a  solidly-mounted 
resonator  (SMR)  structure,  employing  a  distributed  Bragg  reflector  or  acoustic  “mirror”  under  the  device. 
Both  approaches  yield  similar  results  and  are  commonly  used  in  mobile  wireless  handset  front-ends  to 
realize  low-loss  and  high-selectivity  duplexers  [18]. 
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Figure  2  -  Two  common  techniques  [18]  to  isolate  the  acoustic  resonator  from  the  mechanical  damping 
effects  of  the  substrate:  (a)  Film  bulk  Acoustic  Resonator  (FBAR);  (b)  Solidly-Mounted  Resonator  (SMR). 


The  Voltage-Activated  BAW  Concept 

Existing  BAW  devices  are  fixed-frequency  devices.  For  multi-band  or  multi-mode  communications, 
frequency-agile  or  reconfigurable  components  are  highly  desirable,  but  until  recently  there  has  been  no 
known  method  of  creating  high-Q  voltage-controlled  components.  All  known  tuning  technologies 
(varactors,  MEMS,  tunable  dielectrics,  and  ferrites)  have  rather  low  Q-factors  at  RF  frequencies,  and 
always  involve  a  tradeoff  between  the  parameter  being  varied  (e.g.  device  capacitance)  and  the  Q-factor. 

Serendipitously,  two  of  the  thin-film  materials  used  in  the  exploration  of  tunable  dielectric  devices 
were  found  to  exhibit  an  apparent  field-induced  piezoelectricity,  observed  as  resonances  in  the  frequency 
response  under  DC  bias.  This  was  first  reported  in  thin-film  strontium  titanate  (STO)  devices  [3]  and 
then  later  in  barium  strontium  titanate  (BST)  devices  [4]  and  subsequently  attributed  to  an  electrostrictive 
property  of  the  materials,  which  probably  should  have  been  anticipated  much  earlier  since  it  had  been 
demonstrated  in  similar  bulk  ceramic  materials  long  ago  [1,2].  The  term  “electrostrictive”  distinguishes 
the  observed  effects  from  an  ordinary  piezoelectric  material  which  does  not  require  DC  bias  and  also 
exhibits  the  inverse  effect  (mechanical  deformation  leading  to  an  electrical  polarization). 

More  recently,  we  and  a  number  of  other  researchers  have  begun  to  develop  BAW  devices  that  exploit 
this  electrostrictive  property  [5]-[13].  We  refer  to  this  herein  as  a  voltage-activated  BAW  technology,  or 
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VBAW.  VBAW  devices  differ  from  conventional  BAW  devices  in  that  the  acoustic  resonance  can  be 
switched  “on”  or  “off’  by  the  application  or  removal  of  a  DC  electric  field.  Under  bias,  thin-film  STO 
and  BST  becomes  piezoelectrically  active,  and  RF  coupling  to  a  thickness-mode  acoustic  resonance  is 
observed;  subsequent  removal  of  the  DC  bias  renders  the  device  piezoelectrically  inactive,  and  no 
resonance  is  observed  (the  device  is  simply  an  ordinary  capacitor  at  zero  bias). 

Figure  3  -  Example  data  for  a  BST- 
based  voltage-activated  acoustic 
resonator  fabricated  at  UCSB  on  a 
Pt-SiOi  Bragg  reflector,  illustrating 
the  ability  to  control  the  resonance 
with  a  DC  field.  Note  that  this 
particular  data  was  selected  to 
visually  emphasize  the  on-off 
switching  characteristic;  a  practical 
resonator  for  high-Q  filters  would 
not  be  matched  to  50Q. 


Freq  (GHz) 


Figure  3  illustrates  recent  data  on  a  BST-based  voltage-activated  BAW  device  developed  during  this 
program.  This  figure  illustrates  that  the  acoustic  resonance  only  appears  under  the  application  of  DC  bias 
to  the  device.  By  incorporating  a  number  of  such  devices  in  a  filter  circuit,  high-Q  reconfigurable  filters 
can  be  constructed.  The  key  advantage  of  VBAWs  over  conventional  filters  is  the  integration  of  this 
switching/tuning  function,  as  well  as  an  inherent  size  advantage  (BST-based  BAWs  occupy  an  order  of 
magnitude  smaller  area  than  conventional  AIN  devices).  Thus  this  technology  appears  to  have  significant 
promise  for  a  new  generation  of  compact,  high-Q  reconfigurable  or  frequency-agile  filters. 

Summary  of  Important  Results 

Significant  progress  was  been  made  in  developing  this  technology,  summarized  as  follows: 

•  Developed  circuit  models  and  a  library  of  key  material  parameters  for  device  modeling,  data 
extraction,  and  circuit  design. 

•  Successful  development  and  implementation  of  a  robust  Pt/SiCF  mirror  stack  to  withstand  high- 
temperature  BST/STO  growth  (up  to  800C)  without  hillock  formation  or  delamination. 

•  Demonstrated  both  BST-  and  STO-based  resonators  on  4-layer  mirror  structures  with  resonator 
Q-factors  up  to  130. 

•  Preliminary  investigation  of  important  loss  contributions  (interfacial  roughness,  viscous  damping 
in  electrodes)  and  demonstration  of  some  promising  solutions 

•  Quantified  the  influence  of  BST  loss  tangent  and  parasitic  series  losses  on  BAW  device 
performance  to  show  that  these  are  not  serious  limitations  fro  the  technology. 

•  Improved  thickness  control  of  mirror  layers  and  BST/STO. 

•  Demonstrated  devices  with  alternative  mirror  and  electrode  materials  and  identified  promising 
options  for  future  work 

•  Most  importantly,  we  have  demonstrated  the  first  (albeit  rudimentary)  filter  circuits  and  shunt- 
series  resonators  using  this  technology. 

This  work  validated  the  basic  concept  of  voltage-activated  BAW  devices  but  also  identified  key  areas  for 
improvement.  The  following  reviews  these  results  in  more  detail. 
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Physical  Modeling  of  BA  W  Structures 

Although  the  BVD  model  predicts  the  general 
behavior  of  acoustic  devices,  more  sophisticated 
models  are  required  to  understand  the  role  of  each 
layer  in  complex  multilayered  devices  like  FBARs 
and  SMRs  and  also  to  predict  the  broadband 
performance.  Our  approach  follows  [17]  and  uses 
an  equivalent  transmission-line  model  for  each 
layer.  Every  material  layer  (including  electrodes, 
dielectrics,  substrates,  etc)  is  specified  by  a  mass 
density  pm  acoustic  velocity  vp ,  and  mechanical 
viscosity  ij ,  from  which  an  equivalent  characteristic 
impedance  Z0  and  complex  propagation  constant  y 
can  be  computed  as  follows  [17] 


Z0=Apnvp  /3  =  —  «  =  y=a/3  +  j/3  (4) 

v  2  p  v 

p  r  m  p 

where  A  is  the  active  device  area  (electrode  area).  In  addition,  the  active  piezoelectric  layer  is 
characterized  by  a  piezoelectric  strain  constant  dm  [C/N]  which  relates  the  applied  electric  field  to  the 
resulting  mechanical  strain  (deformation).  The  KLM  model  [19]  of  Figure  4  is  conceptually  and 
numerically  attractive  for  modeling  the  electric-acoustic  interaction  because  it  can  easily  accommodate 
any  number  of  physical  layers,  reducing  the  analysis  to  an  equivalent  electrical  problem  that  can  be 
solved  on  most  RF  circuit  simulators  (e.g.  Agilent’  Advanced  Design  System  or  AWR’s  Microwave 
Office).  The  equivalent  circuit  parameters  in  the  KFM  model  are  given  by 


eA  _ja>  Z0  _  h2  sinh  yl 

T  H~  2/t~sinh(}4  72)  a  ^  Z0 


where 


h  = 


c  d 


e-cd: 


(5) 


and  cm  is  the  stiffness  constant  (Young’s  modulus)  related  to  the  mass  density  and  acoustic  velocity  as 

C,n=P,yp- 

Since  the  piezoelectric  strain  constant  often  appears  in  combination  with  other  parameters,  piezoelectric 
materials  are  often  characterized  by  a  dimensionless  piezoelectric  coupling  constant  K2 ,  or  the 
electromechanical  coupling  constant  /ct2 ,  related  by 


K2  =hd 


m 


(6) 


In  can  be  shown  that  the  BVD  model  described 
earlier  is  a  narrowband  equivalent  circuit  that  can  be 
derived  from  the  KFM  model  by  linearizing  the 
expressions  near  the  resonant  frequency.  Since  the 
BVD  model  describes  the  aggregate  response  of  the 
device  (including  acoustic  contributions  from  all 
layers),  the  parameters  kfe^-  and  ae^  in  (3)  are 
effective  model  parameters  and  may  differ 
significantly  from  the  coupling  coefficient  and 
attenuation  factor  of  the  piezoelectric  layer  alone. 

By  characterizing  the  device  at  a  number  of  bias 
points  and  fitting  the  data  to  a  KFM  or  BVD  model, 
the  coupling  coefficient  can  be  extracted  for  the  film 
as  a  function  of  the  applied  DC  field.  This  is  shown 
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Figure  5  -  Extracted  piezoelectric  coupling  constant 
versus  voltage  for  a  BST  thin  film. 
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in  Figure  5  for  a  thick  BST  film  where  the  electrode  thicknesses  represented  a  relatively  small  fraction  of 
the  device  thickness.  In  general  we  always  observe  a  remarkably  linear  bias  dependence  of  kt  ejj .  This 
and  other  acoustic  parameters  of  BST  are  contrasted  with  commonly-used  piezoelectric  materials  in  Table 
1.  Note  that  the  electromechanical  coupling  constant  is  comparable  to  some  of  the  best  known 
piezoelectric  materials  including  AIN,  the  workhorse  of  modern  commercial  BAW  technology.  The 
exciting  difference  here,  of  course,  is  that  the  coupling  constant  can  be  varied  with  an  applied  field,  and  is 
negligible  with  no  applied  field.  There  are  still  some  parameters  (acoustic  velocity  and  viscosity)  that  are 
not  known  precisely  and  continue  to  be  refined  with  every  new  experiment. 


Table  1  -  Comparison  of  extracted  BST  parameters  with  other  common  piezoelectric  materials 


Mass 

Density  p,„ 
[g/cm3] 

Acoustic 
Velocity 
v„  [m/s] 

Coupling  Constant 

k2 

Dielectric 
Constant  i:r 

Viscosity 

'/ 

ZnO 

5.68 

6,340 

0.078 

9.16/12.6 

5  x  10'3 

AIN 

3.26 

11,050 

0.065 

8.5 

20  x  10-3 

LiNb03 

4.64 

7,400 

0.25 

44 

PZT-4 

7.5 

4,600 

0.20 

350 

BST 

5.3-5.9 

6,000-7,000 

0  @  0V  bias 

0.1  @  1  MV/cm 

300  @  0  V 

?? 

Material  and  Processing  Challenges 


Most  of  the  early  research  effort  centered  on  the  development  of  a  suitable  acoustic  Bragg  reflector 
(ABR)  technology  to  isolate  the  resonator  from  the  damping  effects  of  the  substrate.  Initial  attempts 
focused  on  the  use  of  alternating  layers  of  Pt  and  SiCF.  The  high  deposition  temperatures  required  for 
sputter-deposition  of  BST  (>600°C)  coupled  with  the  inherent  CTE  mismatches  in  ABR  systems  can  lead 
to  delamination  and/or  “hillocking”;  this  was  overcome  by  carefully  optimizing  the  deposition  processes 
and  post-deposition  heat  treatments  for  both  materials.  It  is  also  important  to  carefully  calibrate  the 
growth  rates  so  that  the  mirror  thicknesses  (nominally  a  quarter-wavelength)  can  be  controlled  accurately. 


Si02 


Si02 

~Pt~ 


sapphire 


Si02 

~Pi~ 


sapphire 


Figure  6  -  Microscope  photograph  of  two  test  structures  with  active  area  (30//m)“,  and  schematic  cross 
sections  along  dotted  lines.  The  device  in  the  top  photo  can  be  directly  probed  at  the  expense  of  probe- 
related  damping.  The  bottom  device  gives  an  undamped  top  surface  at  the  expense  of  larger  series  resistance. 


For  routine  device  and  material  characterization  we  typically  use  the  simple  test  structures  shown  in 
Figure  6.  These  structures  are  attractive  because  they  require  minimal  processing  but  have  significant 
known  limitations  in  terms  of  resistive  and  capacitive  parasitics.  In  addition,  rather  rude  lithographic 
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design  rules  were  used  for  these  devices  in  most  of  our  experiments  to  date.  Nevertheless  many  of  these 
parasitic  effects  can  be  characterized  readily  and  de-embedded  from  the  data  to  yield  useful  information 
on  the  intrinsic  BAW  device,  which  is  affected  by  materials  and  processing  as  follows: 

•  Surface  roughness  associated  with  the  top  and  bottom  surfaces  of  the  active  (BST  layer):  this 
leads  to  acoustic  scattering  losses 

•  Elastic-viscous  damping  loss  in  each  layer  relating  to  the  choice  of  materials.  This  is  believed  to 
be  especially  problematic  in  the  Pt  electrodes. 

•  The  use  of  unpatterned  mirrors,  which  does  not  adequately  confine  the  acoustic  energy  laterally. 
This  is  exacerbated  by  scattering  losses  associated  with  interfacial  roughness. 

•  Excitation  of  undesired  shear  waves,  which  propagate  in  the  device  at  a  different  acoustic 
velocity.  This  ultimately  requires  adjustments  to  ABR  layer  thicknesses  as  well  an  improved 
crystal  orientation  in  the  BST  films. 

The  impact  of  interfacial  roughness  can  be  characterized  by  an  attenuation  factor  given  by  [20]-[22] 

arough[  dB/ps]  =  -434  ~~  Vs^7t[q2  rx  V )  (7) 

where  rx  and  r2  are  the  mean  surface  roughness  of  the  top  and  bottom  layers  of  the  piezoelectric  layer 
(the  BST  layer  in  this  case).  After  data  analysis  we  determined  that  the  SiCE  layers  could  be  a 
significant  contributor  to  the  surface  roughness  of  top  mirror  surface,  and  subsequently  implemented 
improvements  in  this  regard  by  moving  to  a  slightly  different  CVD  deposition  method  and  a  post¬ 
deposition  “densification”  step. 


Figure  7  -  Data  comparing  two  devices  with  different  levels  of  RMS  surface  roughness  measured  on  the 
bottom  electrode  prior  to  BST  deposition.  The  devices  are  otherwise  identical  in  terms  of  design  and 
resonant  frequency.  Smoother  films  clearly  show  an  improvement  in  quality  factor. 

Evidence  for  the  effects  of  surface  roughness  are  shown  in  Figure  7,  comparing  two  similar  devices 
that  differ  ostensibly  in  only  the  surface  roughness  of  the  bottom  electrode.  Note  that  the  quality-factor  of 
acoustic  resonators  can  be  calculated  numerically  as  in  (2),  but  graphically  is  proportional  to  the  size  of 
the  impedance  loop  on  the  Smith  chart  (larger  loop  =  larger  Q). 


Figure  8  -  Calculation  (black  line)  of  the  stress  distribution  in  each  material  layer  at  resonance,  with  the 
vertical  scale  representing  the  magnitude  of  the  stress.  Most  of  the  viscous  damping  losses  are  associated 
with  the  top  layers  of  the  mirror,  the  piezoelectric  layer,  and  especially  the  top/bottom  electrodes. 


8 


The  amount  of  elastic-viscous  damping  in  each  layer  is  related  to  the  choice  of  materials  as  well  as  the 
distribution  of  acoustic  energy  in  each  layer.  This  damping  is  characterized  by  a  “viscosity”  constant  lj 
which  contributes  to  the  attenuation  constant  in  each  layer  as  specified  in  (4).  An  analysis  of  the 
magnitude  of  mechanical  stress  in  each  layer  for  our  Pt-Si02  structure  is  shown  in  Figure  8.  Since  Pt  is  a 
high-impedance  material,  the  use  of  Pt  in  the  electrodes  on  either  side  of  the  BST  results  in  significant 
energy  in  those  layers  and  hence  significant  elastic-viscous  damping  losses. 

In  general  the  viscosity  parameter  is  not  well  known  or  published  for  most  materials,  and  it  is  nearly 
impossible  to  determine  the  relative  contribution  of  each  layer  from  measured  data  on  a  composite  device. 
However,  there  is  enough  published  data  to  suspect  that  platinum  has  rather  poor  performance  in  this 
respect  relative  to  other  materials,  and  conversely  that  Si02  (which  is  commonly  used  in  commercial 
BAW  devices)  has  relatively  low  damping  losses.  So  the  most  effective  way  to  reduce  these  losses  would 
be  to  replace  the  platinum  with  an  alternative  high-impedance  material  in  the  mirrors,  and  with  an 
alternative  low-impedance  conductor  in  the  top/bottom 
electrodes.  Consequently  we  explored  tungsten  and 
molybdenum  as  alternatives  for  the  high-impedance 
mirror  layer  [6].  Figure  9  shows  the  basic  structure 
using  580nm  BST  films  on  2-period  (4-layer)  ABRs  and 
Figure  10  summarizes  the  recent  data.  Raw  Q-factors  of 
100  or  better  were  achieved  with  both  tungsten  and 
“smooth”  platinum-based  mirrors.  Note  that  this  is  not 
an  apples-to-apples  comparison  in  that  the  RMS 
roughness  for  each  mirror  was  not  uniform  from  sample 
to  sample,  and  the  acoustic  impedance  for  each  material  also  varies  so  the  reflectivity  of  each  mirror  is 
different.  However,  the  data  is  encouraging  in  the  sense  that  our  first  attempts  with  tungsten  and 
molybdenum  mirrors  yielded  results  that  were  comparable  to  the  best  Pt-based  mirrors,  for  which 
considerably  more  effort  in  optimization  had  been  invested.  The  data  also  shows  that  the  piezoelectric 
coupling  constants  are  roughly  identical  in  each  case,  indicating  that  the  BST  film  quality  is  relatively 
independent  of  the  choice  of  mirror  materials.  The  relatively  low  effective  coupling  constants  were  due 
to  extrinsic  parasitics. 
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Figure  10  -  Comparison  of  field-dependent  Q-factors  and  piezoelectric  coupling  coefficients  ( lct  )  for 
devices  using  2-period  (4-layer)  mirrors  with  various  high-impedance  materials.  This  is  raw  data  (no  attempt 
was  made  at  deembedding  parasitic  losses)  which  partially  explains  the  low  k~ ejj . 

Device  Parasitics  and  Fundamental  Limits 

Resistance  due  to  the  metal  contacts  and  dielectric  loss  in  the  BST  are  the  primary  external  parasitics.  In 
the  absence  of  these  the  Q-factor  of  the  BAW  resonator  would  be  limited  only  to  acoustic  losses 
expressed  through  an  effective  attenuation  factor  in  the  BVD  model  as  in  (3),  and  this  in  turn  can  be 
related  to  the  intrinsic  acoustic  Q-factor  of  the  device  as 


Figure  9  -  Device  cross  section. 
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Qa  = 


2a, 


(8) 


eff 


The  parasitic  losses  associated  with  series  resistance  and  loss 
tangents  will  reduce  the  Q  further,  so  it  is  desirable  to 
quantify  this  impact.  Figure  1 1  illustrates  a  modified  BVD 
model  that  adds  these  parasitics.  Although  the  effects  of  a 
series  resistance  on  the  series  Q-factor  have  been  treated 
elsewhere,  the  effects  of  dielectric  loss  are  not  widely 
discussed  so  we  have  analytically  derived  an  expression  to 
quantify  the  impact  of  loss  tangent.  By  definition  the 
parallel  conductance  associated  with  dielectric  loss  is  given 
by  G0  =  COC0  tan  8  =  COC0  /  Qd ,  where  Qd  =1/  tan  f)  is  the 
quality-factor  associated  with  the  dielectric  loss,  which  we 

refer  to  as  the  “film-Q”.  For  STO  and  BST,  the  film-Q  increases  under  bias  to  some 
extent,  typically  beginning  around  100  at  0V  and  increasing  to  >200  under  bias.  Solving  for  the  total 
input  admittance  Yin(co )  in  the  modified  BVD  model  and  using  (2)  we  find  that  the  series  and  parallel  Q- 
factors  are  given  by 


Figure  11  -  Modified  BVD  model  with 
series  resistance  and  dielecttic  losses. 
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Interestingly  the  loss  tangent  and  electrode  losses  are  both  multiplied  by  kt  ,  explaining  why  it  is 
possible  to  achieve  BAW  Q-factors  that  exceed  the  Q-factors  normally  associated  with  capacitors  made 
from  these  materials.  In  the  limit  of  very  small  acoustic  losses,  the  maximum  parallel  Q-factor  is 


Q 


p,  max 


1 


tanr) 


(10) 


Taking  a  conservative  film-Q  of  Qd  =100  for  BST  and  a  kt  ejj  of  5%,  (10)  gives  loss-tangent-limited  Q 
of  >2000.  Clearly  the  loss  tangent  of  the  films  is  not  likely  to  be  a  significant  limitation,  and  the  observed 
loss  in  voltage-activated  BAWs  are  largely  due  to  acoustic  losses  and  other  parasitics.  Interestingly,  our 

r\ 

analysis  shows  that  when  parasitic  losses  are  included  in  the  analysis,  a  large  kt  ejj  tends  to  degrade  the 
maximum  achievable  Q  to  a  small  extent.  This  partly  explains  the  slow  decrease  in  Q-factors  observed  at 
higher  bias  levels  in  Figure  10.  So  there  is  likely  an  optimum  bias  point  for  a  given  filter  design  using 
this  technology. 

Device  and  Circuit  Results 

The  data  presented  thus  far  has  all  been  raw  as- 
measured  data  on  the  test  structures  in  Figure  6. 

These  devices  are  useful  for  short-loop 
experiments,  but  as  the  technology  has  improved 
the  shortcomings  have  become  increasingly 
apparent.  The  key  electrical  parasitics  are 
displayed  in  Figure  12.  The  thin  top  and  bottom 
electrodes  add  series  resistance  which  limits  the 
series-Q  as  described  in  the  previous  section.  It  is  not  possible  to  eliminate  this  parasitic  entirely,  but  it 
can  be  drastically  reduced  by  moving  to  tighter  lithographic  design  rules  and  better  device  layout.  Using 


Figure  12  -  Illustration  of  resistive  and  capacitive  device 
parasitics  in  the  simple  test  structures. 
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an  unpatterned  “blanket”  mirror  also  results  in  undesirable  parasitic  coupling  between  the  contacts 
through  the  buried  Pt-mirror  layer. 


Blue  dots:  Data  with  resistive 
and  capacitive  parasitics 
reduced 


Black  dots:  Raw  Data 
Red  Line:  model 


Figure  13  -  Illustration  of  the  impact 
of  device  parasitics  on  a  simple 
(30//m)2  test  structure  used  in  the 
research  efforts  to  date.  Black  dots 
are  raw  measured  data;  red  line  is  the 
model  with  parasitics;  blue  is  with 
parasitics  reduced  to  a  level  that  can 
be  achieved  with  better  device  layout 
and  finer  lithographic  design  rules. 


As  mentioned  earlier  these  resistive  and  capacitive  parasitics  can  be  easily  characterized  with  suitable  test 
structures  and  fitting  the  data  to  electrical  circuit  models,  and  this  allows  us  to  effectively  de-embed  the 
device  from  these  parasitics. 

Figure  13  illustrates  the  expected  improvement  that  would  be  obtained  just  from  improving  the  device 
layout  only.  Clearly  moving  towards  a  more  sophisticated  process  and  device  layout  must  be  a  key 
feature  of  a  future  work  effort. 


Figure  14  -  Impact  of  device  parasitics  on  the  measured  performace  of  a  device(a)  Two-port  shunt  resonator, 
and  (b)  two-port  series  resonator. 

Figure  14  show  photos  and  data  for  resonators  in  a  basic  two-port  shunt  and  series  configuration. 
These  devices  used  300nm  BST  films  with  50nm  Pt  electrodes  on  the  4-layer  Pt-SiCF  mirror  discussed 
earlier.  The  data  shows  excellent  agreement  with  models  incorporating  the  parasitic  resistances  and 
capacitances,  and  the  figure  also  shows  the  expected  improvement  with  those  devices  reduced  in  an 
improved  layout.  Figure  15  similarly  illustrates  a  simple  tee-filter  which  combines  the  series  and  shunt 
element  of  Figure  14.  Ordinarily,  commercial  BAW  filters  use  a  mass-loading  layer  on  the  shunt 
elements  to  shift  the  resonant  frequency,  but  here  the  separation  of  resonant  frequencies  in  the  series  and 
shunt  elements  was  obtained  by  a  thickness  variation  in  the  BST  film.  The  reason  that  the  response  dips 
in  the  passband  is  because  the  thickness  variation  was  too  large,  and  consequently  the  series  and  shunt 
device  resonance  were  too  far  apart. 
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Figure  15  -  Simple  tee-filter  using  equal-sized  series  and  shunt  resonators,  (a)  raw  data  at  OV  and  40V;  (b) 
Modelled  data  with  parasitics  reduced. 


Because  of  the  close  parallel  with  conventional  SMR  and  FBAR  technology,  much  is  already  known 
about  circuit  designs  using  BAW  devices  [14-16,18,31-32].  A  standard  approach  for  single-ended 
(unbalanced)  circuits  is  a  simple  “ladder”  network.  The  tee-filter  shown  in  Figure  15  is  essentially  the 
simplest  possible  ladder  filter,  although  it  is  important  to  recognize  that  even  our  first  results  could  be 
significantly  improved  just  through  some  minor  adjustments  to  the  electrode  areas  and  film  thicknesses, 
irrespective  of  any  further  refinements  in  the  underlying  technology.  Figure  16a  illustrates  how  the 
performance  could  be  improved  by  merely  changing  the  relative  capacitor  sizes  and  resonant  frequencies. 
Figure  16b  then  projects  this  result  to  a  5-element  ladder. 


HUmPH0  HDWMh 


Figure  16  -(a)  Performance  that  would  be  obtained  by  adjusting  the  device  capacitance  and  resonant  frequency 
(thickness)  in  the  tee-filter  of  Figure  15b,  assuming  no  further  improvements  in  device  Q  (Q=100)  aside  from  the 
reduction  in  parasitics.  (b)  Projected  improvement  in  moving  to  a  5-element  ladder  network. 
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